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We continuously measure the state of a superconducting quantum bit coupled to a microwave 
readout cavity by using a fast, ultralow-noise parametric amplifier. This arrangement allows us to 
observe quantum jumps between the qubit states in real time, and should enable quantum error 
correction and feedback — essential components of quantum information processing. 



PACS numbers: 42.50.Lc, 42.50.Pq, 03.67.Lx, 85.25.-j 

A continuously monitored quantum system prepared 
in an excited state will decay to its ground state with an 
abrupt jump. The jump occurs stochastically on a char- 
acteristic time scale Ti, the lifetime of the excited state, 
provided the measurement is not too strong. Such quan- 
tum jumps, originally envisioned by Bohr, have been ob- 
served in trapped atoms and ions [1-3] , single molecules 
[4], photons [5], single electrons in cyclotrons [6], micro- 
scopic defects in a Josephson junction [7] , and recently in 
nuclear [8] and electron [9] spins. Observation of quan- 
tum jumps requires a quantum non-demolition (QND) 
measurement scheme, that is, one which leaves the sys- 
tem in an eigenstate of the measured observable [10], 
thus allowing repeated measurements. One must also be 
able to perform the measurements on a timescale much 
faster than T\ in order to resolve the jumps. All previous 
experiments have used microscopic quantum degrees of 
freedom with long relaxation times (~ ms to s). 

Superconducting quantum bits (qubits) [11] exploit 
macroscopic quantum degrees of freedom in an electrical 
circuit and typically have much shorter relaxation times 
(~ /is) on account of strong coupling to their environ- 
ment. However, they are easy to manipulate, tunable 
and can be mass produced, making them a promising 
candidate for a scalable quantum computing architec- 
ture. Moreover, the drawbacks of short relaxation times 
can be overcome by using quantum error correction [12] 
which requires a fast, high-fidelity measurement scheme. 
Further, if the measurement is QND, one can use feed- 
back techniques to perform continuous error correction 
[13]; to date, though, no suitable measurement scheme 
has been demonstrated. 

In this Letter, we report the first observation of quan- 
tum jumps in a superconducting qubit — a macroscopic 
quantum system — by implementing a high-fidelity, QND 
measurement scheme using a fast, ultralow-noise para- 
metric amplifier [14]. Our experiment uses the circuit 
quantum electrodynamics (cQED) architecture, where 
the superconducting qubit is dispersively coupled to a 
superconducting cavity [15], in analogy to an atom in a 
Fabry-Perot cavity. Probing the qubit-state-dependent 
cavity frequency implements a continuous, high visibility 
QND measurement [16]. 

Despite successfully demonstrating QND measurement 



with several kinds of superconducting qubits [17-19], 
cQED implementations with linear cavities have typically 
suffered from low single-shot fidelity, precluding the ob- 
servation of quantum jumps. This is primarily due to in- 
efficient amplification of the photons leaving the cavity. 
The noise added by state-of-the-art cryogenic semicon- 
ductor microwave amplifiers is considerably larger than 
the signal from the cavity, necessitating repeated mea- 
surements to resolve the qubit state [16]. Using more 
readout photons can induce qubit state mixing [20] , thus 
limiting the fidelity. Other high fidelity readout schemes 
implemented for superconducting qubits are either too 
slow [21] or are not QND [22]. Josephson parametric 
amplifiers [23, 24] with near quantum limited noise per- 
formance can potentially enable single shot readout in 
the cQED architecture, but most existing designs have 
an instantaneous bandwidth below 1 MHz, too small to 
enable real time monitoring of the qubit state. Since su- 
perconducting qubit lifetimes are typically around 1 /is, 
one would need a bandwidth of order 10 MHz to resolve 
quantum jumps between qubit states with high fidelity. 
We achieve this by using a low quality factor (Q) nonlin- 
ear resonator operated as a parametric amplifier [14, 25]. 

Our experimental setup, shown schematically in Fig. 
1, is anchored to the mixing chamber of a dilution re- 
frigerator at 30 mK. The superconducting readout cav- 
ity (brown) is implemented as a quasi-lumped element 
linear resonator [26] consisting of a meander inductor 
(L=1.25 nH) in parallel with an intcrdigitatcd capaci- 
tor (C=575 £F). A transmon qubit [27] (blue, Ej=UA 
GHz, Ec=280 MHz) is capacitively coupled to the cav- 
ity. This arrangement is different than typical cQED se- 
tups which use transmission line resonators for the cavity. 
This design has a smaller footprint and avoids detrimen- 
tal higher cavity modes [18]. Probe photons enter from 
the input port and reflect off the readout cavity, acquir- 
ing a phase shift that depends on the qubit state. These 
photons then travel through a series of circulators, which 
allow microwave signals to propagate in one direction as 
indicated by the arrows in the figure, to the parametric 
amplifier (paramp), which amplifies the signal and sends 
it to the output port. The signal is further amplified by 
cryogenic and room temperature amplifiers before being 
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FIG. 1. Experimental setup (color online). Readout pho- 
tons (black arrow, #1) enter from the input port and are 
directed through a microwave circulator to a 180° hybrid, 
which converts the single-ended microwave signal into a dif- 
ferential one. The photons interact with the readout cavity 
and the reflected signal (purple arrows, #2) carries informa- 
tion about the qubit state toward the parametric amplifier 
(paramp) through three circulators, which isolate the readout 
and qubit from the strong pump of the paramp. A directional 
coupler combines this signal with pump photons (green arrow, 
#3) from the drive port. The paramp amplifies the readout 
signal, and the amplified signal (magenta arrows, #4) is re- 
flected and sent through the third circulator to the output 
port. Qubit manipulation pulses are also sent via the input 
port. 



mixed down to zero frequency, digitized, and recorded. 

The bare readout cavity frequency is 5.923 GHz, with 
a linewidth k/27t = 4.9 MHz. The qubit frequency is set 
at 4.753 GHz, corresponding to a detuning A/2ir = 1.170 
GHz. The cavity is driven at 5.932 GHz (the cavity fre- 
quency corresponding to the qubit in the ground state), 
and we define n=(n g + n e )/2, where n g and n e are the 
average readout cavity occupations at a given excitation 
power with the qubit in the ground and excited states, 
respectively. These occupations are calibrated using the 
ac Stark effect for a multilevel qubit [25] . The mea- 
sured coupling strength g/2ir = 109 MHz results in a 
dispersive shift of the cavity [27] due to the qubit state 
2 x /2tt = 4.3 MHz. We measure qubit lifetime T x = 320 
ns and dephasing time T 2 * = 290 ns at this qubit operat- 
ing point. 

When the paramp is appropriately biased with a strong 
pump tone, the reflected pump has a power-dependent 
phase shift as shown in Fig. 2. Since the phase changes 
sharply with pump power, a small change in the pump 
power due to an additional signal at the pump frequency 
is amplified into a large phase shift on the pump sig- 
nal. This mode of operation only amplifies signals in 
phase with the pump signal and theoretically adds no 
noise [28] , maintaining the signal-to- noise ratio (SNR) of 
the input signal. If the noise on the input signal is only 
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FIG. 2. Parametric amplifier response (color online). In (a), 
we plot the measured average phase of the reflected pump as a 
function of pump power with the qubit prepared in the ground 
(blue, open circles) or excited (red, filled circles) states and an 
average readout cavity occupation of about one photon. Panel 
(b) shows the same curves for higher average photon number 
(n « 30) in the readout cavity, which increases the relative 
separation. The vertical dashed line shows the optimal bias 
point. 



due to quantum fluctuations, then the noise floor can be 
expressed as a noise temperature Tq = huj s /2kB ~ 142 
mK, where u> s /2tt = 5.932 GHz is the signal frequency. 
By contrast, typical microwave amplification chains have 
a system noise temperature in the range 10 - 30 K, about 
two orders of magnitude higher. Near noiseless opera- 
tion, along with large bandwidth, was previously demon- 
strated for this paramp design [14]. 

Since 2\ ~ measurement photons at 5.932 GHz ex- 
iting the readout cavity will have a relative phase shift of 
about 180 degrees, depending on the state of the qubit. 
When these photons arrive at the paramp, they coher- 
ently add to or subtract from the pump (also at 5.932 
GHz, and tuned to be in phase with the readout pho- 
tons), causing a phase shift of up to 180 degrees in the 
reflected pump photons which form the output signal. 
This can be seen in Fig. 2(a), where the average phase of 
the output signal is plotted as a function of pump power. 
The two traces correspond to measurements taken with 
the qubit prepared in the ground (blue, open circles) and 
excited (red, filled circles) states, with n rs 1 photon. 
Increasing the number of photons in the cavity further 
separates the ground and excited state curves as shown 
in Fig. 2(b) for n ~ 30 photons. This level of excitation 
of the readout cavity maximizes readout SNR while keep- 
ing the measurement QND, and was used for all further 
measurements discussed below. 

With this technique, we can perform single-shot mea- 
surements of the qubit state and observe quantum jumps. 
We prepare the qubit state with a 20 ns pulse of varying 
amplitude at the qubit frequency of 4.753 GHz and imme- 
diately probe the cavity with photons at 5.932 GHz. The 
amplified signal is then mixed down to zero frequency, ef- 
fectively converting the phase shift signal of the readout 
into a single-quadrature voltage signal. This voltage is 
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FIG. 3. Quantum jumps (color online), (a) shows the pulse sequence used to generate (b) and (c). The qubit is excited with 
a pulse of varying amplitude (red), and the readout (black) is immediately energized, causing the cavity population (purple) 
to rise and effect a measurement. Time t = corresponds to two cavity time constants after the readout is energized, (b) 
shows 20 representative single-shot traces for three different qubit rotations (0, n, and 2n). Abrupt quantum jumps from the 
excited state (white) to the ground state (blue) are clearly visible for the data corresponding to the n pulse, while the traces 
corresponding to and 2n indicate that the qubit is mostly in the ground state, (c) shows single-shot time traces following a n 
(red and green) and 2ir (blue) pulse, (d) shows the pulse sequence used to generate (e) and (f). Here the readout is energized 
with the qubit in the ground state, and then a continuous qubit drive is applied after a 3 [is delay, (e) and (f) show 60 traces 
and one trace, respectively, of the qubit jumping between the ground and excited state under the influence of both the qubit 
drive and measurement pinning. 



then digitized at 10 ns intervals. Fig. 3(a) shows the 
pulse sequence and Fig. 3(b) plots 20 individual traces 
for each of three pulse amplitudes corresponding to 0, 7r, 
and 2tt qubit rotations. We discriminate between ground 
and excited states using a threshold level of 0.25 V, as 
indicated on the scale bar. One can clearly see abrupt 
quantum jumps from the excited state (white) to the 
ground state (blue) for the data corresponding to a i 
pulse, while the traces corresponding to and 27r show 
the qubit mostly in the ground state. A few traces after 
and 2ir pulses show jumps to the excited state, and a 
few traces after a n pulse are never measured to be in the 
excited state. We attribute the first effect to qubit state 
mixing due to high photon numbers in the readout cav- 
ity [20] , and the second effect to the qubit spontaneously 
decaying before the cavity can ramp up [16] . Three repre- 
sentative traces of the quantum jumps are shown in Fig. 
3(c), one where the qubit was prepared in the ground 
state (blue) and two where it was prepared in the ex- 
cited state (red and green) and subsequently relaxed to 
the ground state at different times. The SNR in the mea- 
sured traces is defined as SNR mcas = \ji g — fi e \/(a g + a e ) 
where (/x s ,/i e ) and (a g ,a e ) are the mean and standard 
deviation of the digitizer voltages corresponding to the 
ground and excited states respectively. We measure an 
SNR of about 3.75, a factor of 2.3 lower than the theo- 
retical value of ^Ughi/B — 8.5, where B=20 MHz is our 



measurement bandwidth. We attribute this discrepancy 
primarily to saturation of the paramp at this high read- 
out power; details are discussed in the supplementary 
information [25]. 

We also investigated the effect of simultaneous qubit 
excitation and measurement. We energize the readout 
and then turn on a long qubit excitation pulse after a 
few fis, as shown in Fig. 3(d). This qubit drive tries 
to coherently change the qubit state while the projec- 
tive measurement forces the qubit to be in the ground 
or excited state, resulting in the random telegraph sig- 
nal seen in Figs. 3(e) and 3(f). Note that the discrim- 
ination threshold here (-0.05V) is different than that in 
Figs. 3(b) and (c) due to different bias conditions for the 
paramp. Previous measurements [29] have only been able 
to indirectly infer such quantum jumps from the averaged 
spectrum of the measurement signal. This inhibition of 
qubit state evolution due to measurement is the essence 
of the quantum Zeno effect [30, 31] and will be the sub- 
ject of future work using samples with longer coherence 
times and further improvements in measurement signal- 
to-noise ratio. 

Finally, we look at the statistics of these quantum 
jumps. Fig. 4(a) plots a histogram of 2 x 10 4 individ- 
ual measurements with the qubit prepared in the excited 
state, as a function of digitizer voltage and time [32]. 
Most of the population is measured in the excited state 
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FIG. 4. Jump statistics (color online), (a) shows a histogram 
of 2 x 10 4 individual measurements with the qubit prepared 
with a 7r pulse and n as 30 readout photons. The excited state 
signal, centered around 0.6 V, is clearly resolved from the 
ground state signal at -0.3 V; the dashed line shows the dis- 
crimination threshold. The ensemble population is predomi- 
nately in the excited state at t — 0, and decays to the ground 
state with a time constant ((b), inset) r = 290 ns. (b) shows a 
histogram of jump times from the excited state to the ground 
state extracted from individual measurements. The solid line 
is an exponential fit with a time constant Tj urnp = 270 ns. 
We do not plot jumps that occur less than two cavity time 
constants after the readout is energized. The pulse protocol 
used is shown in Fig. 3(a). 



(centered around 0.6 V) at t = and then decays to the 
ground state (centered around -0.3 V) with a time con- 
stant t = 290 ns (Fig. 4(b), inset). Despite the large sep- 
aration between the ground and excited state peaks, the 
maximum qubit readout fidelity is about 70%. This can 
be almost entirely attributed to the measured Ti=320 
ns being comparable to the cavity rise time 2/k=65 ns, 
which means that around 30% of the excited state popu- 
lation decays to the ground state before the measurement 
is made. Since we can resolve individual decay events, 
we can also plot a histogram of the jump (excited to 
ground state) times [33] as shown in Fig. 4(b). The his- 
togram shows an exponential decay with a time constant 
Tjump — 270 ns. Both these time constants are consistent 
with each other and with the measured If of the qubit, 
as would be expected for a QND measurement [20]. 

In conclusion, we have demonstrated high-fidelity, real- 
time monitoring of a superconducting qubit and observed 
quantum jumps in this macroscopic quantum system. 
This is the first fruit of a powerful technique for quan- 
tum measurements in solid state systems and is a major 



step toward implementing quantum feedback control and 
quantum error correction. Our measurement technique 
can be readily extended to a variety of other systems of 
interest, including nitrogen vacancy centers in diamond 
and lower-dimensional semiconductor systems. Further- 
more, our work suggests a route to study the quantum 
Zeno effect [31] and to shed further light on non-idealities 
in quantum measurement processes [20]. The high fi- 
delity quantum measurements we have demonstrated can 
also be used to realize a time-resolved single microwave 
photon source/detector [31], thus enabling a new class of 
quantum optics experiments in the solid state. 
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PHOTON NUMBER CALIBRATION 

To calibrate the photon occupation of the readout cav- 
ity, we use the ac Stark effect [1] for a multilevel qubit 
[2], which accounts for higher order nonlinearities. We 
performed qubit spectroscopy in the presence of a mea- 
surement drive at 5.932 GHz, close to the resonant fre- 
quency of the cavity with the qubit in the ground state 
(5.933 GHz). For each measurement power, we used the 
shift in the qubit frequency to determine n g , the cav- 
ity occupation with the qubit in the ground state. If 
the qubit is in the excited state, the cavity resonant fre- 
quency is detuned from the drive frequency, and thus the 
cavity occupation h e is estimated to be lower by a factor 
of 3.5. For data shown in Figs. 3 and 4, we estimate 
n g « 47 and n e « 13. The number n ~ 30 quoted in 
the main text is the average of these two. Note that 
when investigating quantum Zeno or dressed dcphasing 
effects, it is important to account for the different cavity 
occupations between the excited and ground states. The 
measurement frequency can also be chosen to be midway 
between the excited state and ground state cavity reso- 
nant frequencies, so that the photon population in the 
cavity will be the same for both qubit states at a given 
drive power. 
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FIG. SI. The phase diagram of the amplifier resonator is 
shown schematically in (a). The resonance frequency (solid 
line) gradually decreases with increasing drive power. Above 
a critical drive power Pc and below a critical frequency fc 
the resonator is bistable. At powers slightly below Pc, the 
resonator functions as a parametric amplifier (paramp). (b) 
shows a linecut of (a) at constant pump frequency in the 
paramp regime. A weak signal modulating the drive power 
leads to large changes in the reflected phase of the pump. 



AMPLIFICATION MECHANISM 



The phase diagram of our non-linear resonator is shown 
schematically in Fig. Sla. The solid line indicates the ef- 
fective resonant frequency as a function of bias frequency 
and power. For drive power P > Pc and drive frequency 
f < fc, the system is bistable within the boundary indi- 
cated by the dotted lines. This bistability has been em- 
ployed for qubit readout in the past [3, 4]. In this work, we 
bias the resonator just outside the bistable regime. This 
bias region, marked as "paramp" in Fig. Sla, has been 
accessed to demonstrate parametric amplification[5-7]. 
Fig. Sib explains the principle of small signal degener- 
ate parametric amplification. The reflected pump phase 
is plotted as a function of pump power, giving the trans- 
fer function of the amplifier. A weak input signal at the 
pump frequency is combined with the pump and mod- 
ulates its amplitude, resulting in a large change in the 
phase of the reflected pump. Since there are many more 
pump photons than signal photons, this effectively am- 
plifies the input signal. 

Two key points should be noted here. First, this tech- 
nique implements a phase-sensitive amplifier [8], since 
only signals in phase with the pump will be amplified. 
Signals which are 90 degrees out of phase with the pump 
do not affect the pump amplitude to first order and hence 
do not get amplified. Moreover, in this phase-sensitive 
mode, the paramp amplifies signal and noise by the same 
factor. Since the signal to noise ratio (SNR) is not de- 
graded, the amplification process is noiseless [7]. Sec- 
ondly, the amplifier is linear only for input signals which 
keep the bias conditions in the linear region of the trans- 
fer function shown in Fig. Sib. However, in this work we 
are only concerned with two possible cavity states corre- 
sponding to the two states of the qubit. Therefore, the 
linearity of the amplifier is inconsequential here as long 
as it faithfully maps the two cavity states to two distinct 
output states. Unfortunately, as will be discussed later, 
operation in the saturated regime is no longer noiseless. 
It is clear from Fig. 2 of the main text that the input 
signal to the paramp, even for n ss 1 in the readout cav- 
ity, is large enough to saturate the paramp. Note that 
the paramp can be used as a phase insensitive amplifier 
as well when the signal is detuned from the pump [7]. 
In this case, the ideal paramp adds the minimum noise 
required by quantum mechanics — half a photon at the 
signal frequency. 
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SIGNAL TO NOISE RATIO ESTIMATION 

Here we discuss the expected signal-to-noise ratio 
(SNR) for resolving qubit states using an ideal paramp 
and compare it with the SNR we achieved experimentally. 
We need to calculate the intrinsic SNR of two coherent 
states of the same amplitude but differing in phase by 
180 degrees. If the average photon occupation of a cav- 
ity driven at resonance is fi res , then it can be shown that 
the power radiating out of the cavity is P rac i = n Tes Tkjj s K, 
where u> s is the signal frequency and K is the cavity 
linewidth. When the cavity is driven in the reflection 
geometry, the steady state incident power is the same as 
the steady state reflected power which forms the output. 
This output power is P ou t = ^rad/4 where the factor of 
four arises due to the interference between the incident 
and radiated signal. The root mean square (rms) voltage 
corresponding to this power on a 50 ohm transmission 
line is V^ ut = \/50P^. The intrinsic noise floor is set 
by quantum fluctuations and can be expressed as a noise 
temperature Tq — huj s /2kB- The corresponding volt- 
age noise is given by Vq = ^/50fce TqB, where B is the 
measurement bandwidth. If this signal is sent through 
an amplification chain with a system noise temperature 
T ays , then the effective voltage noise referred to the input 
of the chain is given by Vs ys = ^/50/cb(Tq + T sys )B. We 
can then define the SNR for resolving two coherent states 
of amplitude y/2V ou t and differing in phase by 180 degrees 
as SNR = V2V ou t/V sys . In the case of noiseless amplifi- 
cation, T sys = 0, and SNR= \J n rcs K,/B. Putting in the 
experimental parameters k/2tt — 4.9 MHz, B — 20 MHz, 
we get an SNR sa 1.24y'fi res . As expected, the SNR can 
be improved by increasing n res , but in practice higher 
order effects start to affect the dispersive shift [2] and 
cause qubit state mixing [9], setting an upper bound on 
n res for our measurement. In our experiment, we used a 
maximum photon occupation of n rcs = n g — 47 as de- 
scribed above. For this level of excitation, we compute 
an optimal SNR sa 8.5. 

Fig. S2 shows a voltage histogram of 2xl0 4 individual 
traces for n rcs = 47; the data are from a vertical linecut 
of Fig. 4a at t — 200 ns. There are two clearly resolved 
peaks, corresponding to the qubit in ground (negative 
voltage) and excited (positive voltage) states. We can 
fit each peak to a Gaussian function (blue and red lines) 
and extract the means (/Zg,/i e ) and standard deviations 
(cr g ,a e ) for each fit. Note that the widths of the two 
peaks are different because the paramp is not linear for 
this high level of excitation. We define the measured SNR 
as SNR mcas = \fi g — fj, e \/ (<j g + a e ). Using numerical sim- 
ulations, we have verified that this definition of SNR is 
consistent with the analytical expression given in the pre- 
vious paragraph. For the data shown SNR mcas sa 3.75, 
a factor of 2.3 smaller than the ideal case. This implies 
that T sys sa 4.1 Tq = 0.59 K and the added noise is not 
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FIG. S2. Output histograms for computing SNR. The data 
(open circles) are a vertical linecut of Fig. 4a at time t = 200 
ns. The solid lines are Gaussian fits to the peaks correspond- 
ing to ground (blue) and excited (red) states. The means 
(/x s , /u e ) and standard deviations (a g ,a e ) of each fit are shown. 



zero. Nevertheless, this is an improvement of nearly two 
orders of magnitude in noise temperature over a typi- 
cal state-of-the-art microwave amplification chain using 
cryogenic semiconductor amplifiers, where T sys sa 10 — 30 
K. 

We attribute the discrepancy between the predicted 
and measured SNR to three sources. We believe the dom- 
inant contribution is due to saturation of the paramp, 
which in our case occurs for cavity occupations above 
n sa 1. This is evidenced by the steady deterioration of 
the system noise temperature with increasing photon oc- 
cupation in the cavity. For the data in Fig. S2, n ICS — 47 
and the paramp is deeply in the saturated regime. In 
the linear regime, the output SNR grows linearly with 
the input SNR from the cavity; the output signal grows, 
while the output noise stays constant. When the paramp 
is saturated, the amplitude of the output signal no longer 
grows with increasing input signal amplitude. Input 
noise continues to be amplified, although the noise gain 
decreases gradually as the paramp moves farther into the 
saturated regime. As a result, the output SNR plateaus 
and grows only sub-linearly with increasing input SNR; 
the output signal is fixed, while the output noise is slowly 
decreasing. Thus when the paramp is deeply saturated 
it degrades the SNR and is no longer noiseless. Never- 
theless, the added noise of the paramp is still much lower 
than that of a typical amplification chain. It is important 
to note as well that the output SNR is still a monotoni- 
cally increasing function of input SNR, so that operation 
in the saturated regime is advantageous. Improving the 
dynamic range of the paramp will prevent saturation and 
should allow further improvements in SNR. 

A second contribution to the SNR discrepancy is inser- 
tion loss between the cavity and the paramp, primarily 
due to losses in the three circulators use to isolate the 
cavity from the strong pump of the paramp. This could 
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be reduced by integrating the paramp on chip. The third 
source of discrepancy is the noise temperature of the am- 
plification chain following the paramp, which in our case 
was about 25 K. This noise is comparable in magnitude 
to the quantum noise of the readout signal after ampli- 
fication by the paramp, and so raises the system noise 
temperature. We can address this effect by lowering the 
noise temperature of the following amplifier chain, for ex- 
ample by using a lower noise semiconductor amplifier or 
by reducing the cable losses between the paramp and the 
semiconductor amplifier. 

SAMPLE FABRICATION AND 
CHARACTERIZATION 

The qubit and readout resonator were fabricated on a 
bare high-resistivity Si wafer using electron beam lithog- 
raphy and double-angle Al evaporation with an interven- 
ing oxidation step. The evaporated films were 35 and 80 
nm thick respectively and were deposited with an e-beam 
evaporator. The amplifier resonator was fabricated on a 
high-resistivity Si wafer. The wafer was patterned with a 
rectangular 300-nm-thick sputtered Nb ground plane and 
coated with 125 nm of SiN^ grown by PECVD. The am- 
plifier resonator was then fabricated on top of the SiN x 
layer using electron beam lithography and double-angle 
Al evaporation with oxidation, in the same manner as 
the readout resonator [7]. 

The experiment was carried out in a dilution refriger- 
ator with a base temperature of 30 mK. The readout 
resonator had inductance L=1.25 nH and capacitance 
C=575 fF, with a bare resonant frequency of 5.923 GHz 
and a linewidth of 4.9 MHz. These numbers and the 
behavior of the resonator match well with finite clement 
simulations performed using Microwave Office. The am- 
plifier resonator was formed by a two junction super- 
conducting quantum interference device (SQUID) with 
a maximum critical current of 4 shunted by two par- 
allel plate capacitors in series with a total capacitance of 
6.5 pF, giving a resonant frequency tunable between 4 
and 6.2 GHz and a loaded Q (quality factor) of about 25. 
The transmon qubit had measured parameters Ej = 11.4 
GHz and Ec — 280 MHz at the operating frequency of 
4.753 GHz, corresponding to a maximum Ej of 17.9 GHz 



at zero flux bias. The qubit transition frequency could 
be tuned between 4 and 5.8 GHz. Measurements of T\ 
as a function of qubit frequency agreed well with decay 
due to the single-mode Purcell effect in combination with 
an unknown relaxation channel giving an effective Q of 
11,500 [10]. Ramsey fringes yielded T 2 = 290 ns at the 
operating point. We observed a small leakage of pump 
photons from the amplifier resonator back to the read- 
out resonator, consistent with the finite isolation of the 
circulators. Using the ac Stark effect, we determined the 
leakage corresponded to a readout cavity population of 
much less than one photon. The leakage did cause de- 
phasing, which we verified by Ramsey fringes. We were 
able to cancel this leakage by applying a coherent mi- 
crowave tone to the input port. Because the amplifier 
resonator has a very fast response, one could avoid the 
leakage problem by turning the paramp off during qubit 
manipulation and evolution. 
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